Superconducting proximity effect in a mesoscopic ferromagnetic wire 
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We present an experimental study of the transport proper- 
ties of a ferromagnetic metallic wire (Co) in metallic contact 
with a superconductor (Al). As the temperature is decreased 
below the Al superconducting transition, the Co resistance 
exhibits a significant dependence on both temperature and 
voltage. The differential resistance data show that the decay 
length for the proximity effect is much larger than we would 
simply expect from the exchange field of the ferromagnet. 
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Superconducting proximity effect consists in induc- 
ing superconductive properties in a non-superconducting 
metal. Although this effect has been studied for a long 
timeEl, it has gained some renewed interest due to recent 
experiments performed on samples of mesoscopic size. In 
such samples, the electron phase-breaking length L^p is 
larger than the sample length L. One can thus probe ex- 
perimentally the characteristic energy scale of the prox- 
imity effect €c — hD/L^, which is the Thouless energy 
related to the sample length. This has led for instance 
to the observation of large magnetoresistance oscillations 
in normal metal (N\, loops in contact with a supercon- 
ducting (S) islandn □. These oscillations provide a di- 
rect evidence for the long-range (up to L^) nature of the 
proximity effect. Another recent and striking result is the 
reentrant behaviour. The excess conductance induced by 
proximity effect is maximum at a temperature or ^ bias 
voltage equivalent to the sample Thouless energytl, but 
the normal state conductance reappears at lower energy. 

Most experiments were performed in noble metals or 
semiconductor 2D electron gas, where electron interac- 
tions are negligible. In a free electron model, the zero- 
temperature, zero-bias resistance of a mesoscopic metaL- 
lic wire is predicted to recover the normal state vaJueD"EI. 
In the presence of interactions, theoretical studiea3'tl pre- 
dict a severe modification of the transport properties. 
Attractive (respectively repulsive) electron-electron in- 
teractions are believed to result in a resistance lower (re- 
spectively higher) than the normal-state oncQ. This could 
provide-a probe for interactions in normal metals like Au, 
Ag, etdia. 

In this communication, we present an experimental 
study of the superconducting proximity effect in a fer- 
romagnetic metal (F) . Magnetic metals are in the strong 
interaction limit. Exchange interactions between elec- 
trons in a ferromagnet usually lead to efficient Cooper- 



pair breaking in F-S structures. However, it is worth- 
while re-examinina-the actual proximity eftjct in a small 
ferromagnetic wireO. Some experimentsE3'E3 suggested 
long-range coherence effects, but without any clear con- 
clusion. 
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FIG. 1. Micrograph of Sample 1. The Co wire and loop is 
in metallic contact with one Al island. Thin residual Al strips 
appear on the sides of the Al wire. The side length of the Co 
loop is 500 nm. The four Co contact pads are labelled I-|~, T, 
V-I-, V- . The Al island is patterned with four contacts i-|-, i-, 
V, +V-, as indicated. In sample 2 (not illustrated), a second 
Al island is patterned on the left-hand side on the Co loop. 

Samples (see Fig. 1) were fabricated using a two-step 
lift-off process. The 50 nm thick Co layer was e-beam 
evaporated on the patterned resist that was subsequently 
lifted off. The 100 nm thick Al islands were deposited 
after a soft in-situ ion-milling of the Co surface. The in- 
situ cleaning is a crucial step to achieve the desired high 
transparency of the Co-Al interface. In order to gen- 
erate interferences, the Co conductor included a 0.5/iTO 
square loop. The distance between the Co reservoirs is 
2/ir7i. Many samples were patterned on the same sub- 
strate, with zero, one or two Al islands. In the last two 
cases, one Al island was also linked to four contacts, in 
order to measure the Al wire and the Co/Al junction re- 
sistances. The width of the Co and Al wires were 100 
and 140 nm respectively. Here we will focus on two typi- 
cal samples labelled 1 and 2, with one and two Al islands 
respectively. The behaviour of each of these two sam- 
ples is representative of the properties of four samples 
we measured. 

Figure 2 shows the temperature dependence of the re- 
sistance of samples 1 and 2. The normal-state resistance 
of samples 1 and 2 is 96.09f2 and 98.3517 respectively. 
With a Fermi velocity of 1.9.10^r7i/s in Co, we get an 
elastic mean free path l^, of l.lnm and a diffusion coef- 
ficient D = vple/i of 6.9cTO^/s. As the temperature is 
decreased below the Al superconducting transition, the 
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resistance of both samples decreases, reaches a minimum 
around 0.9 K and then increases. The temperature for 
the resistance minima is shghtly different in the two sam- 
ples, we do not have a simple explanation for that. The 
total amplitude of the variations is about 0.3% in sam- 
ple 1 and 0.8% in sample 2. In both cases, the low- 
temperature saturation value of the resistance is larger 
than the normal- state resistance. 
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FIG. 2. Temperature dependence of the resistance of sam- 
ple 1 and 2. Sample 1 has one AI island in contact with the Co 
loop, sample 2 has two. The normal-state resistance, respec- 
tively 96. 09$! and 98.35ri, has been subtracted. Bias current 
O.lnA. 



1.5 

ARco 



0.5 P 


-0.5 



I I I I I I I I I I I I I I I I I I I I I I I 








-< — Co . 

I I I I I I I I I I I I I I I I I I I I I I L I- 



I I I I l' 



1.5 



0.5 1 
T(K) 

FIG. 3. Temperature dependence of the resistance of the Al 
wire (right hand scale), the Co wire and the Co/Al junction 
(left hand scale) of sample 2. Bias current O.lfiA. 

Figure 3 shows the same data for sample 2, together 
with the resistance of its Al wire and of the Co/Al junc- 
tion. The Al wire becomes superconducting at 1.34 K, 
with a transition width of about 10 mK. The supercon- 
ducting properties of the Al wire are not strongly de- 
pressed by the proximity of the Co interface. 

We measured the junction resistance by injecting cur- 
rent from one side (I-I-) of the Co wire to one side of the 
Al wire (i-) and measuring the voltage drop between the 
opposite sides of the Co and Al wires (V- and v+). The 



small negative offset above 1.34 K, when the Al wire is 
normal, stems from a 3-dimensional spreading of the cur- 
rent lines in the metallic electrodes of the junction. Such 
a sign reversal in a crossed-shaped junction only occurs 
when the resistance of the junction is significantly smaller 
than the electrodes resistances (here, lOfl and 0.451 re- 
spectively for Co and Al). This argument together with 
the measured resistance of O.IQ at the lowest tempera- 
ture when the Al wire is superconducting confirms that 
our junction is metallic. This order of magnitude is con- 
sistent with a transparency t of a few % after the relation 
R^^ — 2N{EF)vFSe^t. We beheve that the junction re- 
sistance peak below 1.34 K is related to charge- imbalance 
effects in the Al island, when the gap is small compared 
to the injected quasiparticle energy. The Co resistance 
change is not much larger than the Al junction one, but 
we stress that the Co resistance varies significantly be- 
low 0.5 K, whereas the junction resistance does not vary 
anymore. This clearly shows that the variation of Co 
resistance is not due to a current redistributioiL effect in- 
duced by variations of the junction resistancelij. 
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FIG. 4. Magnetoresistance of sample 1 Co wire and Al 
wire. The magnetic field is in the substrate plane, parallel 
to the Al wire. The Co resistance is hysteretic. The super- 
conducting critical field of Al is close to 140 mT. Bias current 
O.l^iA. 

The magnetoresistance of sample 1 and 2 was studied 
in magnetic fields applied perpendicular or parallel to 
the substrate. Figure 4 shows the magnetoresistance of 
sample 1 in parallel field. From the Al resistance, we 
measure a critical field of 140 mT for the Al wire. The Co 
wire has a small (less than 1% at 140 mT) and hysteretic 
magnetoresistance. No saturation is visible up to 170 
mT. From this measurement, we can assert that our Co 
wire is ferromagnetic, but that all our experiments were 
performed in a regime where the Co magnetisation is not 
saturated. 

Figure 5 shows the magnetoresistance of the Co wire 
in perpendicular field, above the superconducting tran- 
sition of Al at 1.5 K, and well below at 0.29 K. There 
is no magnetoresistance at 1.5 K, indicating that the Co 
magnetisation is in-plane. The perpendicular negative 
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magnetoresistance only appears when Al becomes super- 
conducting, and is about 8 times smaller than in parallel 
field. We searched for periodic oscillations of magnetore- 
sistance as a function of perpendicular field. We achieved 
a resistance resolution better than 10^^, corresponding 
to 10~^e^ /h, by averaging over a large number of scans. 
The absence of Aharonov-Bohm oscillations at this level 
is a strong indication that the phase-breaking length in 
Co is smaller than 0.3/im. This casts some doubts on 
the possible observatipii of weak-localisation-like effects 
in ferromagnetic filmsli3. 



effect for the metallic conductance of the normal metal. 



96.1 



R (H) 



96 




-200 -100 100 200 

H perp (mT) 

FIG. 5. Magnetoresistance of sample 1 at T = 0.29 K and 
T — 1.5 K in perpendicular field. Field scan from -200 to 
200, then back to -200 mT. No periodic oscillations of the 
resistance were visible above the experimental noise. Bias 
current O.lfiA. 

We measured the differential resistance as a function 
of the bias current. Figure 6 shows three such curves 
recorded in different conditions. The upper curve was 
recorded at the lowest temperature 32 mK. The differen- 
tial resistance exhibits a peak at zero bias, a minimum in 
the 1.7fiA range, and returns to the normal state value at 
high bias. This is strongly reminiscent of the re-entrance 
effectB. We estimate that Joule heating did not exceed 
0.3 K in the range below B/iA, and we checked that the 
junction resistance did not vary in this bias range. 

The lower two curves of Fig. 6 have been shifted for 
clarity. The middle curve was recorded at a temperature 
of 0.8 K. This curve looks very similar to the first one, 
with the remarkable exception that the zero-bias maxi- 
mum is absent. In contrast, the high-bias features are 
unchanged. The lowest curve was recorded at very low 
temperature, in a parallel field of 130 mT, just below the 
Al critical field of 140 mT. This last curve shows a clear 
re-entrance peak of differential resistance below 1.0/iA, 
but the high-bias peaks are no longer present. 

Let us compare these results with the ones previously 
reported for CuEl. On increasing current, and thus volt- 
age, we increase the energy of the electrons injected in 
the F-S mesoscopic sample. We can thus probe the en- 
ergy dependence of the proximity-induced excess conduc- 
tance. As in a "free electron" metal, we observe a resis- 
tance minimum both as a function of temperature and 
bias current. The differential resistance is maximum at 
zero temperature and voltage : this is the re-entrance 
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FIG. 6. Differential resistance of sample 2 measured in dif- 
ferent conditions. Upper curve : T = 32 mK, H = 0. Middle 
curve : T = 0.8 K, H = 0. Lower curve : T = 32 mK, H 
— 130 mT (parallel to the substrate). The latter two curves 
have been offset by 0.5 and in respectively for clarity. 

The high-bias peaks are related to the Al supercon- 
ducting gap and/or critical current. At T=32mK, the 
130 mT magnetic field strongly depresses the Al gap, 
but does not affect the characteristic energies of the elec- 
trons injected in the F-S sample. Consequently, the re- 
entrance peak of the differential resistance at zero energy 
is still visible, but the high bias peaks disappear. On the 
other hand, at 0.8 K and zero field, most of the electrons 
have an energy above the characteristic energy of the re- 
entrance effect, but the Al gap is not yet depressed, so 
that only the zero bias maximum disappears. This is 
consistent with our picture of the proximity effect. 

In the quasiclassical theory, the temperature of the re- 
sistance minimum is bec/ks- The temperature depen- 
dence data gives us a Thouless energy of lAjieV for the 
sample 2. With our estimate of the diffusion coefficient 
in Co, this energy would give a characteristic length of 
180 nm, much shorter than the total sample length of 
2/^m. A simple interpretation of this result is that the 
Co electrons reflected on the Al island keep their phase 
coherence only on this shorter length scale. The effective 
mesoscopic sample length we are probing is only 180 nm. 
It is also the order of magnitude of magnetic doHiain sizes 
for Co samples deposited in similar conditionsEj. Indeed, 
it has been suggested that domain walls could contribute 
to decoherence of electronalj. 

This decay length is much larger than the "exchange 



length" : 
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limit [L^xch > Ip), with Tcurie = 1388-ftr being the Curie 
temperature of Co. This length scale arises from the mag- 
netic energy splitting between the incident electroiLami 
the Andreev reflected hole in the exchange field of FEjO. 
In the Andreev reflection process, the electron spin is re- 
versed. In consequence, the reflected hole has a different 
energy and momentum than the incident electron. This 
results in a finite decay length L^xch- 

If we take sample 2 normal state resistance (98.3517) to 
convert the current bias into a voltage corresponding to 
the minimum differential resistance, we get YJQ^eV . This 
is about 2.4 times larger than the voltage derived from 
the temperature dependence (Fig. 2), and even larger 
than the Al gap. This confirms that the coherence effects 
only occur on a length scale shorter than the total wire 
length. In comparison, 180 nm of our Co wire would have 
a resistance of about 8.9f2. At the current bias 1.7^A 
of the minimum differential resistance, the voltage drop 
along this 180 nm coherence length is 15fj,V. This latter 
value is close to the Thouless energy derived from Fig. 2. 

If we want to carry out a thorough quantitative analy- 
sis of our results, we encounter several difficulties : (i) A 
part of the resistance drop below the Al superconducting 
transition should originate from the local short-circuit 
by the Al island. A complete description would require 
taking into account the current redistribution in the Co 
thickness beneath the Al wire, (ii) The amplitude of the 
resistance drop is relatively small in comparison with the 
expected 15% variation for the resistance of the regions 
affected by the proximity effect. This could be related to 
the fact that we do not have good reservoirs injecting at a 
given energy from a well-defined distance, but diffusively 
distributed phase breaking and inelastic events along the 
F wire. 

Let us discuss the possible origin of the excess resis- 
tance, above the normal state residual resistance, at low 
temperature. This result is in agreement with the the- 
oretical prediction of Stoof and Nazarov, that the zero- 
temperature and zero-voltage resistance of a N-S struc- 
ture should exceed the normal-state resistance if repul- 
sive e-e interactions are present. Following this view- 
point, our experiment would reflect a direct influence of 
the e-e interaction on a metallic resistance. From our 
data, we could extract a value for the electron-electron 
interaction parameter. Another quite different explana- 
tion for the excess resistance at low temperature could 
be the screening of magnetic field by the superconductor 
in contact with the ferromagnet. The modification of the, 
magnetic domain configuration near the F-S interfaceta 
could enhance the resistivity in this region. 

In conclusion, we have observed a proximity effect on 
the dissipative transport in a ferromagnetic metal in con- 
tact with a superconductor. Our results are in agree- 
ment witbJhe early works of PetrashovEj and Lawrence- 
GiordanoE^I. From this watk, we can assert than the be- 
haviour described in Ref.tj is due to a superconducting 
proximity effect in the ferromagnetic metal. The energy 
dependence of the effect has been probed through the 



temperature and voltage dependence of the resistance. 
The decay length for the coherence effect appears to be 
about 180 nm in the Co film. This value is of the order of 
the expected size of the magnetic domains in such films. 
The excess resistance, above the normal-state value, at 
zero voltage and temperature, could be explained by in- 
teraction effects. 
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